We report on the optical generation of a pure spin current at the indirect gap of bulk Si at room temperature. This is experimentally addressed by exploiting a Pt/n-doped Si(001) junction: in this case circularly-polarized light promotes spin-polarized electrons to the ∆ valleys of the Si Brillouin zone. These electrons then diffuse toward the Pt/Si interface and enter the Pt layer, where the spin accumulation is detected through the inverse spin-Hall effect (ISHE). We characterize the photon energy dependence of the ISHE signal, which can be accurately described in the frame of a onedimensional spin drift-diffusion model and estimate the electron spin lifetime τs in bulk Si to be τs = 15 ± 5 ns.
One of the most important goals of spintronics is to combine electronic and spin degrees of freedom of carriers on the Si platform to handle classical or quantum information. In this frame optical spin orientation, i.e the possibility of optically exciting spin-polarized electrons by means of circularly-polarized light [1] , is a powerful tool to explore spin transport and dynamics in semiconductors [2] . The optical injection of spin-oriented electrons was first achieved by Lampel in Si at low temperature [3] . However, after these pioneering studies, the low spin-orbit interaction and the long carrier lifetime in bulk Si [4, 5] have prevented further investigations of optical spin injection in Si and optical orientation studies have been almost completely focused on III-V semiconductors [6] [7] [8] , with a few reports on Ge [9] and, more recently, on SiGe heterostructures [10] .
In this process, dipole selection rules for optical transitions with circularly-polarized light allows for the generation of a spin-oriented electron population in the conduction band of the semiconductor with a spin polarization P = (n ↑ − n ↓ ) / (n ↑ + n ↓ ), being n ↑(↓) the up-(down-) spin densities referred to the quantization axis given by the direction of light propagation in the material. Spinorbit interaction plays a key role: both in GaAs and Ge, the energy separation between heavy hole (HH)-light hole (LH) and split-off (SO) states in the valence band at Γ is ∆E SO ≈ 300 meV, so that the incident photon energy can be easily tuned to promote in the conduction band only electrons coming from HH and LH states. As a consequence, in bulk GaAs-and Ge-based semiconductors spin polarization values approaching P ≈ 50% can be achieved.
In bulk Si, the scenario is radically different: the direct bandgap at Γ lies in the ultraviolet range (E dg = 4.2 eV at room temperature) and the energy difference between HH-LH and SO states is only ∆E SO ≈ 40 meV, whereas the fundamental gap is indirect (E ig = 1.12 eV at room temperature). Nevertheless, theoretical calculations indicate that phonon-assisted optical transitions at the indirect gap of Si could generate a spin-oriented electron population with P ≈ 5% [11, 12] and indeed experimental evidence of optical spin orientation in Si have been obtained but only at cryogenic temperatures [3] and with the use of fairly large magnetic fields [13] .
In recent years the exploitation of electrical spininjection schemes, both at low [14] [15] [16] [17] [18] [19] and room temperature [20] [21] [22] [23] and the prediction of large intrinsic electron spin lifetimes [24] [25] [26] [27] [28] [29] have renewed the interest of the spintronic community for bulk Si and Si-based heterostructures [26] . In this framework the exploitation of optical orientation in Si would add a relevant building block for the design of spintronic devices and potentially lead to the integration of electronic, photonic and spintronic functionalities on a single material platform.
In this paper, we report on the optical generation of a pure spin current at the indirect gap of bulk Si(001) at room temperature. To this purpose we have combined optical orientation with an electrical detection scheme based on the inverse spin Hall effect (ISHE) [30] , which takes place within a Pt layer forming a Schottky junction with the investigated sample. Such a photo-induced ISHE approach have been already used to detect optically excited spins at the direct gap of GaAs [31] [32] [33] , InP [34] and Ge [35] [36] [37] .
The photo-induced ISHE signal has been measured in a Pt/n-doped Si junction: the spin-oriented electrons, generated at the ∆ valleys of bulk Si, diffuse toward the Pt/Si interface and yield an electromotive force at the edges of the thin Pt layer through spin-dependent scattering with Pt nuclei. We have also investigated the photon energy dependence of the ISHE signal in the range between 1.2 < hν < 1.8 eV and we have interpreted the experimental results by means of a drift-diffusion model [33] which fairly reproduces the main spectral features, and allows for an estimation of the electron spin lifetime at the ∆ minima giving τ s = 15 ± 5 ns.
The investigated device is depicted in Fig. 1a , together with the experimental geometry: a uniform l x ×l y = 5×5 mm 2 -wide and 4 nm-thick Pt layer is deposited by ebeam evaporation on top of a 500 µm-thick phosphorousdoped Si(001) substrate (ρ Si ≈ 5 Ω·cm, doping concentration N P ≈ 8.95 × 10 14 cm −3 ). Two 200 nm-thick Au/Ti contacts are then evaporated at the edges of the Pt layer along the y axis. ISHE measurements have been performed in air at room temperature: spin-polarized electrons are excited by a focused beam (spot size d ≈ 10 µm) from a Ti:sapphire tunable laser, which provides photons in the 1.2-1.8 eV energy range. The circular polarization of the light is modulated by a photoelastic modulator (PEM) at 50 kHz and the voltage difference ∆V between the two Au/Ti electrodes, separated by about 3.5 mm, is detected by a lock-in amplifier under open-circuit conditions. The wave-vector of the light inside the semiconductor, which sets the direction of the spin-polarization vector P, can be continuously varied by changing the polar angle θ and the azimuthal angle ϕ, defined in Fig. 1a .
Literature reports indicate that in Si the hole spin lifetime lies in the ps range [20, 21, 40] and is therefore longer than what reported for GaAs [41] and Ge [42] . Nevertheless, since the electron spin lifetime still exceeds by orders of magnitude this temporal range [24] [25] [26] [27] [28] [29] , the spin signal can be assumed to be mostly related to photogenerated electrons. This means that, while no charge current is injected or extracted into the semiconductor during our experiments, the two electron spin populations are unbalanced, thus yielding a pure spin current [35] . Photogenerated electrons then diffuse towards the Pt/Si interface: a Schottky barrier height of E B ≈ 0.85 eV has been measured, in agreement with the results of Ref. 39 (see Fig. 1c ) thus giving a a depletion region width w dep = 1.1 µm. When the sample is illuminated under open-circuit conditions, the photon flux Φ lowers the Schottky barrier height (see Fig. 1b ). Then, electrons are injected into the Pt layer via thermionic emission, carrying a spin current density J s , which is converted into an effective electromotive field E ISHE yielding a voltage difference ∆V = E ISHE /l x between the two Au/Ti electrodes [31, 37] , where E ISHE = D ISHE · (J s × P), being D ISHE the efficiency of the ISHE process [30] .
The spin-related nature of the detected signal has been verified by varying the projection of the spin polarization vector P along the x axis. Fig. 2a shows the dependence of the voltage difference ∆V as a function of the angle θ for ϕ = 0°, an incident photon energy hν = 1.37 eV and an incident power W = 1 mW. The error bars take into account the ∆V variations between different datasets, originating from possible optical misalignements. A multilayer optical analysis on the Pt/Si junction indicates that ∆V (θ, Fig. 2a , we can set ϕ = 0°: from the transmission coefficient values at hν = 1.37 eV of Refs. 44 and 45 for Pt and Si, respectively, it is possible to calculate the θ-dependence of ∆V (red dashed line in Fig. 2a) . Such calculations are in good agreement with the experimental data thus confirming the spin-related origin of the measured signal. We have also investigated the behaviour of the ISHE signal as a function of the angle ϕ for fixed θ = 65°, as shown in Fig. 2b : the ∆V ∝ cos ϕ curve (red dashed line) fairly fits the experimental data, further confirming the spin-related nature of the detected signal.
The maximum absolute value of the ISHE signal, corresponding to ∆V = 3.5 ± 1.2 µV is obtained for θ = ±65°and it is comparable with the one detected in Pt/Ge junctions under the same experimental conditions [37] . According to the theoretical calculations of Ref. 12, phonon-assisted optical transitions for hν = 1.37 eV should generate a net electron spin polarization P ≈ 0.7% (see Fig. 1b and below, Fig. 4b) .
The ∆V dependence on the degree of circular polarization of the incident light (P circ ) is reported in Fig. 3a for hν = 1.37 eV and W = 1 mW: in this case the measurements have been performed by varying the phase retardation ∆ξ of the PEM. Indeed, the temporal dependence of P circ can be expressed as P circ = −sin [∆ξcos (ωt)]: then the Fourier series expansion, truncated to the first harmonic, yields P circ ≈ −2J 1 (∆ξ)cos(ωt), where J 1 (∆ξ) is the Bessel function of the first order. The experimental data of Fig. 3a reproduce the expected behaviour of ∆V as a function of P circ .
The power dependence of the ISHE signal mirrors the behaviour of the photovoltage across a metal/semiconductor Schottky contact [37] . It is monotonically increasing for incident powers below ≈ 1 mW, and saturates at higher illumination intensities.
In Fig. 4a , we report the photon energy dependence of the ISHE signal (red circles) in the 1.2-1.8 eV energy range, normalized to the incident photon flux Φ. ∆V increases with hν up to hν ≈ 1.4 eV, where we detect a broad maximum and then it decreases. The spectral evolution of the experimental data can be interpreted in the frame of a one-dimensional spin drift-diffusion model [2] . We define inside the semiconductor the spin density s = n ↑ − n ↓ and the spin current density J s = q(J ↑ − J ↓ ), where J ↑(↓) are the spin-up(down) current densities related to the photo-generated spin-polarized electrons, respectively. Then the spatial distribution of s and J s can be described through the equations
The electric field E (x), hole density p (x) and the intrinsic generation-recombination rate w (x) are obtained by numerically solving the coupled Poisson drift-diffusion equations [46] for electrons and holes photogenerated inside the semiconductor by the photon flux Φ. For the electron mobility µ n = 1380 cm 2 Vs −1 , the electron diffusion coefficient D n = µ n k B T (being k B and T the Boltzmann constant and the temperature, respectively) and Shockley-Read-Hall recombination parameters, we have used the typical values of micro-eletronic device simulators [47] . Then, the photon energy dependent-absorption coefficient α and initial degree of electron spin polarization P are extracted from Refs. 45 and 12, respectively, and reported in the inset of Fig. 4a . At room temperature and relatively low doping densities, electron-phonon interactions set the momentum relaxation time τ p for ∆ valley electrons [48] . In this case, the electron spin lifetime τ s is dominated by the Yafet-Elliot mechanism and can therefore be expressed as
, where E k is the electron kinetic energy, E g the energy gap and ∆ so the split-off energy. Therefore, in the case of Si, τ s is expected to be approximately three orders of magnitude longer than τ p . In Si τ p ≈ 30 fs [12] , while the energy relaxation time τ en , i.e. the average time required for hot electrons to thermalize at the bottom of the conduction band is τ en ≈ 260 fs. Since τ en τ s most of the scattering events leading to spin relaxation will take place after electron thermalization and it is therefore a good approximation to consider τ s independent with respect to E k , i.e. on the photon energy hν. Then, by solving Eqs. 1 we can calculate the spin current density J s0 , proportional to the ISHE signal ∆V , injected from the semiconductor into the Pt layer as a function of the incident photon energy with τ s as free fitting parameter for the experimental data of Fig. 4a . Fig. 4b shows the hν-dependence of the normalized J s0 for τ s = 5 ns, 25 and 100 ns (black, red and blue continuous lines respectively in Fig. 4b) . The spectral evolution of J s0 can be interpreted in terms of the interplay between the photon energy dependence of α and P , reported in the inset of Fig. 4b . For hν = 1.18 eV, electrons are generated with a spin polarization P = 1.4% in a region relatively far from the Pt/Si interface due to the low photon absorption rate. As a consequence, the spin current at the Pt/semiconductor interface is relatively small. For hν → 1.8 eV, an increasing spin density is generated close to the Pt layer, and, despite the lower initial polarization, J s0 increases. It is interesting to note that overall photon-energy dependence of J s0 is relatively sensitive to the value of τ s , qualitatively reproducing the experimental data of Fig. 4a .
The best fit of the experimental photon energy dependence of Fig. 4a is thus obtained for τ s = 15 ± 5 ns (black dashed line), in good agreement with theoretical calculations reported in the literature [24, 48, 49] . The simple drift-diffusion model of Eqs. 1 nicely reproduce the experimental data unraveling the fundamental issues of spin diffusion at the ∆ minima of Si: the spin current density J s at the Pt/Si interface is dictated by the trade-off between the absorption coefficient α, which is very small in bulk Si especially close to the indirect bandgap, and the spin lifetime τ s . Moreover, our experimental estimation of τ s corresponds to a spin diffusion length L s = √ D n τ s = 7 ± 2 µm. Such a value exceeds the standard dimensions of common electronic building blocks and suggests that bulk Si can play a central role in the design of novel spintronic devices.
It is interesting to remark that the ISHE signal in Pt/Ge and Pt/Si junctions is of the same order of magnitude for similar Pt thicknesses. In bulk Ge, the optical orientation process can generate an initial spin polarization up to P ≈ 50% at the direct Ge bandgap [10, 50] . This value is then partially lowered by the ultrafast Γ−L scattering which electrons undergo in the Ge conduction band [51] . In Si the spin current generation and diffusion both take place at the ∆-valleys: although the initial spin polarization is much smaller, the larger spin lifetime (τ s ≈ 1 ns and ≈ 15 ns in bulk Ge and Si, respectively, at room temperature and for lightly-doped samples [35, [52] [53] [54] ) allows for an ISHE signal which is comparable to the one detected in bulk Ge.
It is also worth noticing that spin-polarized photoemission experiments at T = 120 K in the same photon energy range, performed by the authors [55] on p-doped bulk Si(001) samples, did not reveal any spin-related signal within the experimental error. However, at variance from Mott polarimetry exploited in Ref. 55 , where the efficiency of the spin-detector is around 10 −4 , photoinduced ISHE measurement can be performed by means lock-in based detection schemes, which greatly enhance its sensitivity, thus enabling the detection of very low spin polarization signals.
In conclusion, we have experimentally demonstrated optical spin orientation at the direct gap of Si at room temperature. The inverse spin-Hall effect in a Pt/Si junction have been used to detect spin current density generated for photon energies comprised between 1.2 and 1.8 eV. The photon energy dependence of the ISHE signal can be interpreted by means of spin drift-diffusion model which also provides an estimation of the electron spin lifetime τ s = 15±5 ns, in good agreement with theoretical calculations of Refs. 24, 48, and 49. These results lay the groundwork for spintronic devices based on bulk Si.
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